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Motivation
KL->π

0
νν ultra rare decay: Why is this important?

๏The decay process proceeds via a flavor changing neutral current 
(FCNC) 

๏This process directly breaks CP 

๏Studying this decay is an excellent probe for New Physics (NP) 
beyond the Standard Model 

๏Results form this measurement will place tighter constraints or point 
to new physics

Vtd

KL—>π0νν
CP- CP +

Vts

3

BR (K+—>π+νν) = (9.11 + 0.72) x 10-11 (Buras …et. al  2015)

BR (KL—>π0νν) = (3.00 + 0.30) x 10-11 (Buras …et. al  2015) 

Search for K+→ π+νν at NA62 – M. Moulson (Frascati) – ICHEP 2016 – Chicago – 6 August 2016−

K → πνν and the unitarity triangle

•  Intrinsic theory uncertainties ~ few percent

•  BR measurements overconstrain CKM 
matrix and may provide evidence for NP

3

Dominant uncertainties for SM BRs are from CKM matrix elements
Buras et al. 
JHEP 1511

−

η 

ρ 

−

−

BR is proportional to CKM height
Small theoretical uncertainty 

Fig. Unitarity triangle 
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BNL: E949 observed 2 clean events for K+—>π+νν~ BR (17.3 x10-11)

Model predictions and measurements

6 CHAPTER 1. INTRODUCTION

Figure 1.2: Predicted correlation between Br(KL ! ⇡

0

⌫⌫) and Br(K+ ! ⇡

+

⌫⌫) in various BSM
models. The grey area was ruled out experimentally. The SM prediction point is marked by a star.
This figure is quoted from [17]

1.3 History of K
L

! ⇡0⌫⌫ search

There were several experiments that searched the KL ! ⇡

0

⌫⌫ decay, as shown in Fig. 1.3. Due to
the small value of Br(KL ! ⇡

0

⌫⌫), only upper limits were given. The first study was performed
by Littenberg. He extracted a limit for the KL ! ⇡

0

⌫⌫ decay from the data of Cronin and Fitch
for the KL ! 2⇡

0 study[18].
The E391a collaboration at KEK performed the first dedicated search for the KL ! ⇡

0

⌫⌫

decay. Their detector is shown in Fig. 1.4. The detector system consisted of a main electromag-
netic calorimeter (shown as “CsI” in Fig. 1.4) and hermetic veto counters. The electromagnetic
calorimeter consisted of 576 un-doped CsI crystals whose size was 7.0 ⇥ 7.0 ⇥ 30 cm3 (i.e. 16 X

0

1)

long). The calorimeter measured energy and position of a pair of photons from ⇡

0 decays. The
upper limit on Br(KL ! ⇡

0

⌫⌫) was set to be 2.6 ⇥ 10�8[19].

1.4 KOTO Experiment

We prepared a new experiment aiming at a first observation of KL ! ⇡

0

⌫⌫, named KOTO
experiment[20]. The KOTO experiment is a successor experiment to the E391a experiment. This
experiment follows the experimental concept that was established by the E391a experiment. While
the sensitivity of the E391a experiment was three orders of magnitude far from the SM prediction,
the background level was O(1). For the improvement of the sensitivity, a new dedicated beam line
for the KOTO experiment was constructed at J-PARC. The design value of the proton intensity of
the Main Ring (MR) accelerator of J-PARC is 100 times higher than that of the KEK-PS. For the
background suppression, we updated the main electromagnetic calorimeter and some veto coun-
ters in the hermetic veto system. In addition, readout electronics were completely modified. The

1)radiation length

LHT: Littlest Higgs (T-parity)
MFV:Minimum Flavor Violation

RSc: Randall-Sundrum
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New measurement of the K+ → π+νν̄ branching ratio

A.V. Artamonov,1 B. Bassalleck,2 B. Bhuyan,3, ∗ E.W. Blackmore,4 D.A. Bryman,5 S. Chen,6, 4 I-H. Chiang,3

I.-A. Christidi,7, † P.S. Cooper,8 M.V. Diwan,3 J.S. Frank,3 T. Fujiwara,9 J. Hu,4 J. Ives,5 D.E. Jaffe,3

S. Kabe,10 S.H. Kettell,3 M.M. Khabibullin,11 A.N. Khotjantsev,11 P. Kitching,12 M. Kobayashi,10

T.K. Komatsubara,10 A. Konaka,4 A.P. Kozhevnikov,1 Yu.G. Kudenko,11 A. Kushnirenko,8, ‡ L.G. Landsberg,1, §

B. Lewis,2 K.K. Li,3 L.S. Littenberg,3 J.A. Macdonald,4, § J. Mildenberger,4 O.V. Mineev,11 M. Miyajima,13

K. Mizouchi,9 V.A. Mukhin,1 N. Muramatsu,14 T. Nakano,14 M. Nomachi,15 T. Nomura,9 T. Numao,4

V.F. Obraztsov,1 K. Omata,10 D.I. Patalakha,1 S.V. Petrenko,1 R. Poutissou,4 E.J. Ramberg,8 G. Redlinger,3

T. Sato,10 T. Sekiguchi,10 T. Shinkawa,16 R.C. Strand,3 S. Sugimoto,10 Y. Tamagawa,13 R. Tschirhart,8

T. Tsunemi,10, ¶ D.V. Vavilov,1 B. Viren,3 Zhe Wang,6, 3 N.V. Yershov,11 Y. Yoshimura,10 and T. Yoshioka10

(E949 Collaboration)
1Institute for High Energy Physics, Protvino, Moscow Region, 142 280, Russia

2Department of Physics and Astronomy, University of New Mexico, Albuquerque, NM 87131
3Brookhaven National Laboratory, Upton, NY 11973

4TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 2A3
5Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1

6Department of Engineering Physics, Tsinghua University, Beijing 100084, China
7Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794

8Fermi National Accelerator Laboratory, Batavia, IL 60510
9Department of Physics, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

10High Energy Accelerator Research Organization (KEK), Oho, Tsukuba, Ibaraki 305-0801, Japan
11Institute for Nuclear Research RAS, 60 October Revolution Prospect 7a, 117312 Moscow, Russia

12Centre for Subatomic Research, University of Alberta, Edmonton, Canada T6G 2N5
13Department of Applied Physics, Fukui University, 3-9-1 Bunkyo, Fukui, Fukui 910-8507, Japan

14Research Center for Nuclear Physics, Osaka University,
10-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan

15Laboratory of Nuclear Studies, Osaka University,
1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan

16Department of Applied Physics, National Defense Academy, Yokosuka, Kanagawa 239-8686, Japan
(Dated: February 23, 2013)

Three events for the decay K+
→ π+νν̄ have been observed in the pion momentum region

below the K+
→ π+π0 peak, 140 < Pπ < 199 MeV/c, with an estimated background of

0.93 ± 0.17(stat.)+0.32
−0.24(syst.) events. Combining this observation with previously reported results

yields a branching ratio of B(K+
→ π+νν̄) = (1.73+1.15

−1.05) × 10−10 consistent with the standard model
prediction.

PACS numbers: 13.20.-v, 12.15.Hh

The decay K+ → π+νν̄ is among a handful of hadronic
processes for which the decay rate can be accurately pre-
dicted in the standard model (SM) owing to knowledge of
the transition matrix element from similar processes and
minimal long-distance effects [1, 2]. The small predicted
branching ratio, B(K+ → π+νν̄) = (0.85 ± 0.07)× 10−10

[3], and the fact that this decay is a flavor-changing
neutral current process makes it a sensitive probe of a
wide range of new physics effects [1]. Previous stud-
ies of this decay by experiment E787 at Brookhaven
National Laboratory and its upgraded extension E949
have measured B(K+ → π+νν̄) = (1.47+1.30

−0.89) × 10−10

based on the observation of three events in a sample
of 7.7 × 1012 K+ decays at rest with a total expected
background of 0.44± 0.05 events in the pion momentum
region 211 < Pπ < 229 MeV/c above the K+ → π+π0

(Kπ2) peak (pnn1) [4, 5]. E787 set a consistent limit of
< 22 × 10−10 at 90% C.L. based on one candidate in a

sample of 1.7×1012 stopped K+ decays with an expected
background of 1.22±0.24 events in the momentum region
140 < Pπ < 195 MeV/c below the Kπ2 peak (pnn2) [6, 7].

In this Letter we report the results of a search for
K+ → π+νν̄ below the Kπ2 peak (pnn2) using 1.7×1012

stopped K+ decays obtained with E949 as well as the fi-
nal results on B(K+ → π+νν̄) from E949 data combined
with E787 data.

Identification of K+ → π+νν̄ decays relies on detection
of an incoming kaon, its decay at rest and an outgoing
pion with no coincident detector activity. The E949 ap-
paratus and analysis of the data in the pnn1 region have
been described elsewhere [5]. In this letter, we empha-
size the apparatus and analysis features most relevant for
pnn2.

Incoming kaons were identified by a Čerenkov counter
and two proportional wire chambers before being slowed
by an 11.1 cm thick BeO degrader and an active degrader,

Phys. Rev. Lett. 101, 191802 – Published 7 November 2008

Ruled out 
experimentally

Ruled out 
experimentally

4
Fig. Predicted correlations between BR(KL—>π0νν) and BR(KL—>π+νν) for various BSM.  
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Goals of KOTO
The KOTO experiment plans to report the first measurement of 
the branching ratio Br(KL—>π0νν) with less than 10% uncertainty

๏ KOTO Step 1:  

‣ Make first observation of signal event (~10-12 sensitivity) 

‣ Search for new physics with BR higher than SM 
predictions  

๏ KOTO Step 2: 

‣ Measure roughly 100 events (~10-13 sensitivity)

5
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Brief history of search before KOTO
1.4. KOTO EXPERIMENT 7
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Figure 1.3: History of the KL ! ⇡

0

⌫⌫ search.
A green point shows the first study performed
by Littenberg. Blue (Red) points in the fig-
ure show results of the analysis using a ⇡

0 !
e

+

e

�
� (⇡0 ! ��) decay to identify the KL de-

cay. A green line shows the GN limit. A pink
line shows the prediction in the Standard Model.

23 CHAPTER 3. EXPERIMENTAL APPARATUS AND RUNS

3.2 Detectors

3.2.1 Overview

The E391a detection system was located at the end of the beamline. The detector subsystems
were cylindrically arranged around the beam axis, and most of them were placed inside a large
vacuum vessel, as shown in Fig. 3.6. From here on, the origin of the coordinate system is
defined to be at the upstream end of the E391a detector, as shown in Fig. 3.6. This position
was approximately 12 m from the production target.

CC00

Figure 3.6: E391a detection system.

3.2.2 CsI calorimeter

The energy and hit position of the two photons were measured by using a electromagnetic
calorimeter placed at the downstream end of the decay region. The calorimeter was made of
576 undoped CsI crystals and assembled in a support cylinder with an inner diameter of 1.9 m,
as shown in Fig. 3.7. A collar counter (CC03) was installed inside of the calorimter with 12 cm
⇥ 12 cm hole, which is described later. The CsI calorimeter was placed at z = 614.8 cm. Most
of the crystals had a square shape, with the exception of crystals located at the outer edge. In
order to fill the gap at the periphery of the cylinder between the square-shaped crystals and
the support structure, specially shaped CsI crystals (Edge CsI) and lead-scintillator sandwich
counter (Sandwich module) were placed at the outer edge of main CsI crystals.

CsI crystals

Two di↵erent sizes of crystals were used in the array: 496 crystals, called “Main CsI”, had a
dimension of 7 cm ⇥ 7 cm ⇥ 30 cm (= 16X

0

) and 24 crystals, called “KTeV CsI”1, had a
dimension of 5 cm ⇥ 5 cm ⇥ 50 cm (= 27X

0

).
Each Main CsI crystal was wrapped with a 100 µm thick Teflon sheet and then wrapped with

a 20 µm thick Aluminized mylar, in order to isolate each crystal optically and to improve the light
collection. The Main CsI crystal yielded typically 15 photoelectrons per an enrgy deposition of

1borrowed from the KTeV experiment.

Figure 1.4: Cross-sectional view of the E391a detector. CsI: electromagnetic calorimeter; CV:
charge-particle counter; MB and FB: main-barrel and front-barrel photon counters; CC00, CC02-
CC07: collar-shaped photon counters; BHCV and BA: beam hole charged-particle and photon
counters.

E391a < 2.6 x 10-8

GN = 1.5 x 10-9

E731: FNAL 
KTeV: FNAL/KEK 

E391a: KEK

Year

new physics?

Advance in study enabled by detector R&D, computing, and accelerator technology

E391a experiment was impeded by limited veto capabilities and low beam power (~12GeV)
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Experiment based at J-PARC (Japan Proton Accelerator Research Complex) in Tokai-mura 

Hadron Experimental Facility (HEF)  

๏ Intense 30 GeV proton beam with a 50% duty factor 

๏Secondary neutral beam is extracted (16o) and directed to KOTO detector

J-PARC facility

Fig. View of the J-PARC facility

“K0 at TOkai”

CHAPTER 2. KOTO EXPERIMENT

PTEP 2012, 02B001 S. Nagamiya

Fig. 1. The entire view of J-PARC.

Need to have high-power
proton beams

 MW-class proton accelerator R&D toward Transmutation at 0.6 GeV
Nuclear & Particle Physics at 50 GeV
Materials & Life Sciences at 3 GeV

Fig. 2. The goal of J-PARC.

significant this improvement is. The MR was steadily operated at 30 GeV. We achieved 145 kW to
the neutrino beamline in March 2011. Slow extraction at 5 kW to the hadron facility is still very low
compared to the anticipated level of 30 kW or more.

3. Selected results before the earthquake

Shown here are three typical scientific results obtained at each experimental facility before the
earthquake in 2011, to provide a flavor of the scientific output.

3.1. Neutrinos
Muon neutrinos are produced for the neutrino program at J-PARC. While traveling from J-PARC
to the Super-Kamiokande detector, located 295 km away, a muon neutrino may transform into an
electron neutrino. This depends on the mixing angle between the 1st and 3rd neutrinos, θ13. This is
a brand-new approach to determining this parameter θ13 to understand the neutrino masses. Strong

2/13

 at O
SA

K
A

 U
N

IV
ERSITY

 LIFE SCIEN
CES LIBRA

RY
 on January 8, 2016

http://ptep.oxfordjournals.org/
D

ow
nloaded from

 

Figure 2.1: A bird’s-eye view of the entire J-PARC facility. This figure is obtained from [5].

Table 2.1: A list of parameters of J-PARC accelerator facilities.

LINAC
Ion species Negative hydrogen ions
Repetion cycle 25Hz
Extraction Beam Energy 400MeV

RCS
Circumference 348.333 m
Repetion cycle 25Hz
Extraction Beam Energy 3 GeV

MR
Circumference 1567.5 m
Beam cycle 2.56 s (FX), 5.52, 6.0 s (SX)
Extraction Beam Energy 30 GeV
Achieved Beam Power 330 kW (FX), 43 kW (SX)

10
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Fig. KOTO detector components

Background reduction is crucial!

ν
ν

KL
γγπ0

KOTO detector

Chapter 1. Introduction 5

between these background events and our signal events, these neutral background events are

studied carefully to ensure that they are successfully rejected.

1.3.1 Background

The challenge for the KOTO experiment is that the branching ratio for K0
L ! ⇡0⌫⌫̄ is on the

order of 10�11, and thus the majority of the decays observed in the experiment will not be the

target decay mode (for a list of more probable decays, see Table 1.1). The detectors must be

finely tuned to distinguish the background decays (defined as any other decay mode that is not

K0
L ! ⇡0⌫⌫̄) to ensure that they are vetoed. Chapter 2 will further explore the instrumentation

methods for detecting the background and distinguishing it from the target decay. Chapter 3

will discuss the data acquisition’s (DAQ) role in utilizing the detector outputs to cut background

events.

Decay Mode Branching Ratio

K0
L ! ⇡±e⌥⌫e 0.4055± 0.0011

K0
L ! ⇡±µ⌥⌫µ 0.2704± 0.0007
K0

L ! 3⇡0 0.1952± 0.0012
K0

L ! ⇡+⇡�⇡0 0.1254± 0.0005
K0

L ! 2⇡0 (0.864± 0.006)⇥ 10�3

K0
L ! 2� (0.547± 0.004)⇥ 10�3

K0
L ! ⇡0⌫⌫̄ (2.49± 0.39± 0.06)⇥ 10�11

Table 1.1: Branching ratios of various Kaon decays [pdg].

Three of the main neutral decays are used in simulation studies to compare with experimental

data to calibrate the detectors, validate the simulation studies, and improve their identification

to successfully distinguish the target decay. These decays, called normalization modes, are

the K0
L ! 3⇡0, K0

L ! 2⇡0, and the K0
L ! ��. Features such as the transverse momentum,

and subsequently the COE, expected number of clusters, and other kinematic variables set

these decays apart from the K0
L ! ⇡0⌫⌫̄ target decay. This thesis will explore the K0

L ! 2⇡0

normalization mode and optimize the veto cuts that are applied during simulation studies, to

improve the background to target signal ratio when studying this decay.

1.3.2 Halo Neutrons

While the other kaon decays provide a significant background, another major source of back-

ground comes from a di↵erent parent particle than the kaon. When neutrons react with residual

Table. Branching ratios of various Kaon decays (PDG)

Two sub-system design:

๏ Cesium Iodide Calorimeter (CsI) 

‣ Main detector of the KOTO experiment  

๏ Hermetic veto detectors 

‣ ~1000 channels

8
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Experimental method

Detection Principle
Target
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Fig. Monte Carlo of signal and background distributions 
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Fig. Monte Carlo of signal and background distributions 9

Experimental principle

proton
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Neutral beam line
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Assuming 2γ from π0,
Calculate z vertex.

Calculate π0 transverse momentum
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KL→π0νν decay
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Chronicle of KOTO runsHistory of physics data taking
Run49 Run62 Run63 Run64 Run65 Run69
First 
physics run

Operation of Hadron facility 
was stopped.

6
16年9月9日金曜日 10

First physics run 
accepted by PTEP
arXiv: 160903637

Statistics ~2xRun49

Present analysis
Statistics ~20xRun49
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Results from 2013 run49 accepted for publication
Prog. Theor. Exp. Phys. 2015, 00000 (11 pages)

DOI: 10.1093/ptep/0000000000
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We searched for the CP -violating rare decay of neutral kaon, KL ! ⇡

0
⌫⌫, in data from

the first 100 hours of physics running in 2013 of the J-PARC KOTO experiment. One
candidate event was observed while 0.34± 0.16 background events were expected. We
set an upper limit of 5.1⇥ 10�8 for the branching fraction at the 90% confidence level
(C.L.). An upper limit of 3.7⇥ 10�8 at the 90% C.L. for the KL ! ⇡

0
X

0 decay was
also set for the first time, where X

0 is an invisible particle with a mass of 135 MeV/c2.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Subject Index

C03, C30

1. Introduction The rare decay KL ! ⇡

0

⌫⌫ of the long-lived neutral kaon is a direct

CP -violating process [1, 2], and is one of the most sensitive probes to search for new physics

beyond the standard model (SM) of particle physics. Because this decay proceeds through the

flavor changing neutral current via the s ! d transition, it is strongly suppressed in the SM

and is sensitive to new heavy particles contributing to the decay [3, 4]. The SM predicts the

branching fraction (Br) to be (3.00± 0.30)⇥ 10�11 [5], while the current experimental upper

limit is 2.6⇥ 10�8 at the 90% confidence level (C.L.) set by the KEK E391a experiment [6].

The BNL E949 experiment [7] has set an indirect and model-independent limit Br(KL !
⇡

0

⌫⌫) < 1.46⇥ 10�9 based on the measurement of the K

+ ! ⇡

+

⌫⌫ branching fraction [8].

The signature of the KL ! ⇡

0

⌫⌫ decay is a single ⇡

0 from a KL decay in flight without

any other detectable particles. The experimental study is also sensitive to the two-body

decay KL ! ⇡

0

X

0, where X

0 is an invisible boson. It was recently pointed out that the

limit 1.46⇥ 10�9 based on the K

+ measurement does not apply to the KL ! ⇡

0

X

0 decay

if the mass of X0 is close to the ⇡

0 mass and new physics with a weakly-interacting light

particle can be probed through the KL ! ⇡

0

⌫⌫ study [9, 10].
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We searched for the CP-violating rare decay of the neutral kaon, KL → π 0νν, in data from the
first 100 hours of physics running in 2013 of the J-PARC KOTO experiment. One candidate
event was observed while 0.34 ± 0.16 background events were expected. We set an upper limit
of 5.1 × 10−8 for the branching fraction at the 90% confidence level (C.L.). An upper limit of
3.7 × 10−8 at the 90% C.L. for the KL → π 0X 0 decay was also set for the first time, where X 0

is an invisible particle with a mass of 135 MeV/c2.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Subject Index C03, C19, C30

1. Introduction The rare decay KL → π0νν of the long-lived neutral kaon is a direct CP-violating
process [1,2], and is one of the most sensitive probes to search for new physics beyond the standard
model (SM) of particle physics. Because this decay proceeds through the flavor-changing neutral
current via the s → d transition, it is strongly suppressed in the SM and is sensitive to new heavy
particles contributing to the decay [3,4]. The SM predicts the branching fraction (Br) to be (3.00 ±
0.30) × 10−11 [5], while the current experimental upper limit is 2.6 × 10−8 at the 90% confidence
level (C.L.) set by the KEK E391a experiment [6]. The BNL E949 experiment [7] has set an indirect
and model-independent limit Br(KL → π0νν) < 1.46 × 10−9 based on the measurement of the
K+ → π+νν branching fraction [8].

The signature of the KL → π0νν decay is a single π0 from a KL decay in flight without any other
detectable particles. The experimental study is also sensitive to the two-body decay KL → π0X 0 ,
where X 0 is an invisible boson. It was recently pointed out that the limit 1.46 × 10−9 based on the

†Deceased
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First run takeaways
Table 1 Summary of background estimation in the signal region.

background source number of events

KL → 2π0 0.047± 0.033

KL → π+π−π0 0.002± 0.002

KL → 2γ 0.030± 0.018

pileup of accidental hits 0.014± 0.014

other KL background 0.010± 0.005

halo neutrons hitting NCC 0.056± 0.056

halo neutrons hitting the calorimeter 0.18± 0.15

total 0.34± 0.16

obtains a finite transverse momentum. The KL → 2γ decay was simulated for KL’s with1

the transverse momentum larger than 20 MeV/c, and the number of this background was2

estimated to be 0.03 events. Accidental hits overlapping with the KL → π±e∓νe, KL →3

π±µ∓νµ, KL → 3π0, and KL → π+π−π0 decays can change the reconstructed hit timing4

and cause an inefficiency. The background due to this inefficiency was separately treated5

and estimated to be 0.014 events.6

The neutron backgrounds were caused by halo neutrons. One type of neutron background7

came from halo neurons interacting with the NCC detector material in the upstream end of8

the decay volume. Secondary particles by such interactions were detected by the calorimeter9

and mimicked the π0 from the KL → π0νν decay. The events in the upstream region (Zvtx10

<2900 mm) in Fig. 2 are π0’s produced by this process. They can be a background when11

photon energies are mismeasured or a secondary neutron is detected in the calorimeter and12

misidentified as a photon. The contribution due to this mechanism was estimated with the13

MC, in which the halo neutrons were generated by a beam-line simulation and its yield was14

normalized to the number of the upstream events in the data. We evaluated this background15

to be 0.056 events.16

Another type of the neutron background was due to halo neutrons hitting directly the17

calorimeter. A neutron incident on the calorimeter can deposit energy through hadronic18

interactions, and a secondary neutron from these interactions can deposit energy at another19

place after traveling inside the calorimeter. The contribution due to this mechanism was20

estimated with the data from a special run with a 5-mm-thick aluminum plate inserted21

inside the beam at z = 2795 mm. Neutrons in the beam scattered at the plate would hit the22

calorimeter and mimic the background events. We used the events which remained inside the23

signal region in this special run to estimate the number of background events. This sample24

was also used for training the neural network cuts used for the analysis. This background,25

estimated to be 0.18 events, was found to be the main background source in this analysis.26

Details on the background estimation are described in Ref. [31]. The total number of27

expected background events was 0.34± 0.16.28

6. Normalization The number of observed events was normalized to the total number of29

the KL decays in the collected data, which was obtained from the KL → 2π0 decay events in30

the normalization data. We calculated the single event sensitivity (SES), which corresponds31
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Fig. 2 Reconstructed π0 transverse momentum (PT) versus decay vertex position (Zvtx)

of the events with all the analysis cuts imposed. The region surrounded with a thick solid

line is the signal region. The black dots represent the data, and the contour indicates the

distribution of the KL → π0νν decay from MC. The events in the region surrounded with

a thin solid line were not examined before the cuts were finalized. The black italic (red

regular) numbers indicate the numbers of observed events (expected background events) for

the regions divided by solid and dashed lines.

selected. Among all possible combinations of the photons, the combination that had the1

best agreement of the Zvtx values for two (three) π0’s was adopted. Figure 3 shows the four-2

photon invariant mass distribution of the KL → 2π0 events before and after imposing the3

veto cuts. The events in the low mass region are mostly from the KL → 3π0 decays in which4

four out of six photons were detected in the calorimeter. The reduction of these events by5

detecting the extra two photons in the veto counters is well reproduced by the MC. Figure 46

shows the distributions of the reconstructed KL decay vertex position and energy of the7

KL → 3π0 events, which indicated the acceptance derived from MC was well understood.8

Slight data/MC discrepancy in theKL energy distribution was taken into account as a source9

of systematic uncertainty.10

The KL → 2π0 decay is the major KL background source because there are only two extra11

photons which can be detected by veto counters. We generated a MC sample with 40-times12

the statistics of the data. With two MC events that remained in the signal region after13

imposing all the cuts, the background contribution was estimated to be 0.047 events. For14

other decay modes, we generated the MC samples with various assumptions of topologies or15

mechanisms that could cause backgrounds to KL → π0νν. In the case of KL → π+π−π0, for16

instance, the decay can be a background if charged pions hit the downstream beam pipe,17

which was made of 5-mm-thick stainless steel, and were undetected. The nine events located18

in the low-PT region (PT < 120 MeV/c, 2900 < Zvtx < 5100 mm) in Fig. 2 are explained by19

this mechanism. The requirement PT > 150 MeV/c reduced the KL → π+π−π0 background20

to a negligible level. The KL → 2γ decay can be a background if an incident KL is scattered21

at the upstream vacuum window, which was made of 125-µm-thick polyimide film, and22
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1.

2.

3.

• Expected/observed ~ 0.34/1
• Major contribution from neutrons ~70%

12
Fig. Reconstructed π0 Pt vs. decay vertex postion

Background sources

1. Halo neutrons hitting 
NCC (π0)

2. Halo neutrons hitting CsI

3. KL—>π+π-π0 

Summary of background estimation in the signal region
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Updates to reduce BG sources

Fig. Depiction of special Al run

CHAPTER 2. KOTO EXPERIMENT

with a known decay vertex position. This aluminum plate is called “Decay Volume Upstream
Al target” and the data taking with this target is referred to as “Decay Volume Upstream Al
target run”.

A 10-mm thick aluminum plate was inserted in the beam at the upstream of the FB to
enhance the neutrons hitting the CsI calorimeter for the study of the background caused by
them. Because most of photons and charged particles were stopped or detected by FB and
NCC, only the events with scattered neutrons hitting the CsI calorimeter were collected. This
aluminum plate is called “Z0-Al-target” and the data taking with this target is referred to as
“Z0-Al-Target run”.

Figure 2.42: Illustration of the aluminum plates inserted into the beam. Top: A 5-mm-thick
aluminum plate was inserted in the beam at the downstream of the FB to generate π0 → 2γ
for the calibration. Bottom: A 10-mm-thick aluminum plate was inserted in the beam at
the upstream of the FB to collect the neutrons hitting the CsI calorimeter for the study of
background caused by them.

2.7.3.4 cosmic-ray muon run

To calibrate detector subsystems with cosmic-ray muons as a minimum ionizing particles,
cosmic-ray muon runs were taken before and after the beam time. The triggers made from
CsI calorimeter, NCC, MB, CC04, CC05, CC06, and OEV were used for data taking.

38

13

Reduction of background sources

๏ Source 1:  

๏ Improved surface alignment of collimators 

๏ Thinner vacuum window: 125 μm —>12.5 μm 

๏ Source 2:  

๏ Specific experimental runs to study neutron 
induced events using an aluminum target 

‣ Neural Networks cut (Cluster Shape 
Discrimination) = 1/1500 reduction of 
original 

‣ Pulse-shape-likelihood cut =1/10 reduction 
of original 

๏ Source 3:  

๏ Added downstream detectors to identify 
particles escaping down beam pipe 

‣ Beam pipe charge veto = reduction by a 
factor of 10 

‣ New BHCV ~ reduced counting rate ~65% 
and accidental loss ~40%

• Cluster Shape Discrimination 

Improvements after 2013
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use waveform information to distinguish photons from neutrons 
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➡ hadronic cluster has larger tail component 
➡ larger “a” 
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which is more likely (nn, γγ)

1/10 BG reduction & 
90% signal acceptance
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Preliminary results of Run62
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Figure 6. Scatter plot of Rec. PT vs Rec. z
after imposing all selection criteria. The gray
box is the masked region in the analysis. The
inner box is the signal region. The numbers
in black show the number of observed events,
and the numbers in red show the number of
expected background events based on Monte
Carlo simulation.

Background source The number of background events
K0

L → 2π0 0.04 ± 0.03
K0

L → π+π−π0 0.04 ± 0.01
Halo neutrons hitting the NCC 0.04 ± 0.04

Halo neutrons hitting the CsI calorimeter 0.05 ± 0.02
Sum 0.17 ± 0.05

Table 2. Estimated numbers of background events in the signal region for run62 data.

an upper limit on the K0
L → π0X0 decay to be 3.7 × 10−8 at 90% confidence level, where X0 is

an invisible particle with the π0 ’s mass.
After first physics run, we updated several detectors to reduce background events found in

the first physics run and collected 20 times much data than the first physics run. We checked
reduction of background events by using small data set and confirmed that background events
were well suppressed by new cuts.

Next, we will increase analyzing data to check background events with higher sensitivity and
optimize cut conditions to achieve higher sensitivity.
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Estimated background events in Run 62
Source Number of Events

KL—>2π0 0.04+0.03
KL—>π+π-π0 0.04+0.01

Halo neutrons hitting NCC 
(upstream)

0.04+0.04
Halo neutrons hitting CSI 0.05+0.02

Total 0.17+0.05
Single Event Sensitivity 5.8 x 10 -9

14 Fig. Reconstructed π0 Pt vs. decay vertex postion

Single Event Sensitivity (SES) is a measure of 
signal (KL—>π0νν) sensitivity 

Increased (SES) attributed to: 

๏ Measured KL flux and a wider signal region 
due to improved BG reduction methods and 
upgrades to detectors
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1
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Fig. Data/MC Comparison
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Estimate of all 2015 data

Estimated background events
Source Run 62 Number of Events All 2015 

KL—>2π0 0.04+0.03 0.07
KL—>π+π-π0 0.04+0.01 0.23

Halo neutrons hitting NCC (upstream) 0.04+0.04 0.13
Halo neutrons hitting CsI 0.05+0.02 0.34

CV π0 0.14
CV η 0.48
Total 0.17+0.05 1.39

Estimated single event 
sensitivity = 1.1 x 10-9

Black: Observed
Red: Expected

work i
n progress

15

1.39

0.32 0.06

0.81

0.01.69

WORK IN PROGRESS

Fig. Reconstructed π0 Pt vs. decay vertex position
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KOTO experiment performed at J-PARC is a dedicated search for the KL—>π0νν decay

Summary of KOTO first results

๏ KOTO Run 49 set a BR(KL—>π0νν) upper limit of < 5.8 x 10 -8
 
(90% confidence) 

๏ KOTO Run 49 set a BR(KL—>π0Χ0) upper limit of < 3.7 x 10 -8
 
(90% confidence), which 

is the first upper limit for Χ0mass of 135 MeV/c2  

Present status

๏ Collected a data set (2015 runs) ~ 20 times larger than the 2013 published results 

๏ Confirmed that major BGs observed in 2013 run are well suppressed 

๏ Analysis is in progress: 

‣ Focused on continued BG estimation and suppression 

‣ With the current calculated flux, we estimate a SES of 5.82 x 10
 
-9 for Run 62, twice 

that of Run 49, and a SES of 1.1 x 10 -9 for the entire 2015 data set 

๏ After completing analysis of all 2015 data and finalization of SES, we expect to 
approach Grossman-Nir limit (theoretical model independent limit ~1.5 x10

 
-9 ) 

Summary

16
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Outlook
1.4. KOTO EXPERIMENT 7
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A green point shows the first study performed
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� (⇡0 ! ��) decay to identify the KL de-

cay. A green line shows the GN limit. A pink
line shows the prediction in the Standard Model.
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3.2 Detectors

3.2.1 Overview

The E391a detection system was located at the end of the beamline. The detector subsystems
were cylindrically arranged around the beam axis, and most of them were placed inside a large
vacuum vessel, as shown in Fig. 3.6. From here on, the origin of the coordinate system is
defined to be at the upstream end of the E391a detector, as shown in Fig. 3.6. This position
was approximately 12 m from the production target.

CC00

Figure 3.6: E391a detection system.

3.2.2 CsI calorimeter

The energy and hit position of the two photons were measured by using a electromagnetic
calorimeter placed at the downstream end of the decay region. The calorimeter was made of
576 undoped CsI crystals and assembled in a support cylinder with an inner diameter of 1.9 m,
as shown in Fig. 3.7. A collar counter (CC03) was installed inside of the calorimter with 12 cm
⇥ 12 cm hole, which is described later. The CsI calorimeter was placed at z = 614.8 cm. Most
of the crystals had a square shape, with the exception of crystals located at the outer edge. In
order to fill the gap at the periphery of the cylinder between the square-shaped crystals and
the support structure, specially shaped CsI crystals (Edge CsI) and lead-scintillator sandwich
counter (Sandwich module) were placed at the outer edge of main CsI crystals.

CsI crystals

Two di↵erent sizes of crystals were used in the array: 496 crystals, called “Main CsI”, had a
dimension of 7 cm ⇥ 7 cm ⇥ 30 cm (= 16X

0

) and 24 crystals, called “KTeV CsI”1, had a
dimension of 5 cm ⇥ 5 cm ⇥ 50 cm (= 27X

0

).
Each Main CsI crystal was wrapped with a 100 µm thick Teflon sheet and then wrapped with

a 20 µm thick Aluminized mylar, in order to isolate each crystal optically and to improve the light
collection. The Main CsI crystal yielded typically 15 photoelectrons per an enrgy deposition of

1borrowed from the KTeV experiment.

Figure 1.4: Cross-sectional view of the E391a detector. CsI: electromagnetic calorimeter; CV:
charge-particle counter; MB and FB: main-barrel and front-barrel photon counters; CC00, CC02-
CC07: collar-shaped photon counters; BHCV and BA: beam hole charged-particle and photon
counters.

GN = 1.5 x 10-9

KOTO(γγ )

17

E731: FNAL
KTeV: FNAL/KEK
E391a: KEK
KOTO: JPARC

KOTO(γγ )

KOTO(γγ )

Year

new physics?
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Thank You
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Supplemental
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2015 Background EstimationsBG estimation under tight cut
KL->2pi0KL->pipipi0

NCC Neutron
BG source #BG
KL→2π0 0.07±0.07

KL→π+π-π0 0.23±0.06
Upstream events 0.13±0.07
Hadron cluster 

events
0.34±0.11

Other BG sources Under 
estimation

Data

0.17±0.06

0.77±0.16

1.57±0.17

0.04±0.01

0.36±0.11

0.0±0.0

23
17年1月6日金曜日
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Hermetic detector

Image credit: J-PARC K0TO Experiment

Evacuated to ~10-5 Pa to 
suppress background

Fig. Outer vacuum container houses all main KOTO detectors  

8m

Radius = 3m
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Experimental hall
Hadron Experimental Facility (HEF)  

๏ Intense 30 GeV proton beam with ~ a 50% duty factor 

๏Secondary neutral beam is extracted (16o) and directed to KOTO detector

Fig. Target used for KOTO physics experiment

Hadron Experimental Hall

CHAPTER 2 The KOTO Experiment

A Appendices

A.1 Beam Simulation

A solid understanding of the neutral beam is very important for this type
of KL rare-decay experiments. To calculate our sensitivity, we need good
information for the KL yield and spectrum. Higher beam intensities are
preferable with regards to sensitivity, but we must then handle a high flux
of unwanted particles such as neutrons and beam photons. In order to
estimate the beam properties, we have performed Monte Carlo simulations
based on the GEANT4 framework. We used the GEANT4/QGSP package
for hadronic interactions.

In our calculations, the momentum of primary proton is assumed to be
30 GeV/c, and its yield to be 2× 1014 protons on target (P.O.T.) per beam
spill. The spill length and repetition are taken to be 0.7 and 3.3 seconds,
respectively.

In Step 1, we use the common target, called the “T1 target”, which
is a set of nickel disks, as shown in Fig. 52 [69]. In the simulation, there

Figure 52: Schematic drawing of the T1 target, prepared by the J-PARC
Target Monitor Group.

82

PTEP 2012, 02B008 K. Agari et al.

4m

chimney

beam

service
space

Fig. 4. Typical shield structure of the primary beam line in the HD-hall.

Fig. 5. Photograph of a rotating Ni disk target. The red spot indicates the position of the incident beam.

3.2. Production target
The T1 target is the first and currently the only production target in the hadron experimental facility.
The target is installed in the center of the HD-hall and secondary beam lines extend to the right (K1.8)
and left (K1.1 and KL) of the target. In designing the production target, important issues are not only
obtaining the maximum number of secondary particles but also maintaining the target and controlling
the radiation for the experimental facility. We referred to the water-cooled fixed targets of the C, C’,
and D beam lines at the alternating gradient synchrotron at Brookhaven National Laboratory and the
rotation target in the g − 2 experiment for the design of the T1 target.

3.2.1. Rotating nickel target. The thickness of the iron and concrete shielding in the HD-hall was
designed to satisfy the radiation dose rate limits at the boundaries of the radiation controlled area
and at the shield surface facing the surrounding soil for a nominal 750 kW beam power. Therefore,
beam loss at the T1 target is less than 225 kW, or 30% loss at nominal beam power. Of this, the heat
load to the T1 target material accounts for about 15 kW. To remove the heat from the surface of the
target disks, we adopted the method of dipping the disks directly into the cooling water. Figure 5
shows a rotating low-carbon pure Ni (NW2201) disk target and the cooling-water tank. The disk has
a diameter of 360 mm and a total thickness of 54 mm consisting of 5 disks separated by 3 mm gaps.

5/19

 by guest on February 27, 2015
http://ptep.oxfordjournals.org/

D
ow

nloaded from
 

Figure 2.8: The nickel T1 target. The left figure (quoted from Ref. [56]) shows conceptual design.
The right one (quoted from Ref. [57]) is its photograph, where the red point indicates the beam hit
position.

small spot size of the primary beam at the target. Thus, the
countermeasures on the target against the recurrence of the

accident are to make the target confinement robust enough

not to leak radioactive materials even in the case of target
failure, and to improve the monitoring system for the target

soundness. On that basis, we also made efforts to improve

the target itself in order to increase a design margin against
the beam power of 50 kW.

In the next section, the design of the new target is

described in detail. It is followed by the section on the
target confinement and gas-circulation system, and our

studies are summarized in the last section.

Fig. 1 Beam-line layout at the hadron experimental hall

Fig. 2 Photograph of the T1
target in May 2013 before the
installation and its cross-
sectional drawing. A gold target
is bonded to a copper block
which involves cooling water
pipes

J Radioanal Nucl Chem

123

Figure 2.9: The gold T1 target used in the physics run in May, 2013. Quoted from Ref. [59].
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(High-p)

(Test beam facility)

Extraction from MR

T1 target
(30% loss)

beam dump

KL

K1.8

(future
extension)

HD-hall 56mSY 200m

Figure 1. Layout of the hadron experimental facility. Dashed lines indicate additional beam
lines at future extension.

2. Primary beam line
The layout of the hadron experimental facility is illustrated in figure 1. The extracted primary
beam is transported to the HD-hall through the beam switching yard (SY). The length of SY
is about 200 m along the primary beam, and the size of the HD-hall is 60 m in width and
56 m in length. In future plans, a high-momentum beam line and a test beam facility can
be constructed in SY. Since on-hand maintenance is expected in SY, we have developed quick
disconnecting devices of water and electricity and quick alignment apparatuses for magnets to
reduce the radiation exposure during the maintenance works [3].

The cross-sectional views of the primary beam line in the hall are given in figure 2. Cooling
water and electric power are supplied from service space 4-m above beam level through
“chimneys” mounted on magnets. The connections of water and electricity are handled on
the service space, because the beam level is expected to be inaccessible due to high residual
radiation dose after beam operation.

The transported proton beam is focused on the secondary-particle-production target, T1,
with the spot size of σ ∼ 1 mm both in the horizontal and vertical directions. The T1
target is a rotating nickel disk directly cooled by water [5, 6]. The thickness of the disk is
54 mm, which is equivalent to 30-% beam loss in interaction length. At the early stage of the
beam commissioning, where the beam intensity is rather low, we also use a 60-mm-thick fixed
platinum target equivalent to 50-% beam loss. Although the target releases the beam power
of 750 × 0.3 = 225 kW, the heat deposit in the target material is only about 10 kW, and the
remaining power of over 200 kW is distributed to beam line elements downstream. Beam pipes
are closer to the beam than the magnet poles and hard to cool sufficiently without tritium
production. The connection of the pipes is also difficult problem. Therefore, the magnets are
placed in a large vacuum chamber in order to remove the beam pipes from the magnet pole gaps
[7]. Figure 3 shows a schematic drawing of the target and the large vacuum chamber.

The beam dump is capable of absorbing full beam power of 750 kW. Its core is made of
copper blocks and cooled by water. The total size of the core is 5 m in length and 2 m × 2 m
in cross-sectional area. There is a conical hole in the core so as to distribute the heat deposit
uniformly. The beam dump was designed so that it can be moved downstream remotely at the
future extension of the HD-hall.

The building construction of the HD-hall was completed on July, 2007. The primary beam
line and a secondary beam line (K1.8BR) in the hall were constructed in the next one and a

2

Figure 2.6: The proton transport line after extraction from the MR accelerator to the experimental
hall. Quoted from Ref. [58].

K1.1BR

K1.8BR

K1.8
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T1 target

Vacuum
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Collimators

Sweeping Magnet

Beam
Analyzer
(SQDQD)

Figure 4. Layout of the beam lines in the experimental hall.

beams are deflected by the combination of the electrostatic and magnetic fields and filtered by
the mass slits MS1 and MS2 located downstream of ESS1 and ESS2, respectively.

Figure 5 shows the beam envelope of the K1.8 beam line calculated with TRANSPORT [13].
The total length of the beam line is 45.9 m. The extracted secondary beams are vertically focused
at a intermediate focus slit (IF) in order to reduce pion contamination such as from K0

S decay
or from reactions at beam-line materials. After filtered by two sets of separators and mass slits,
the beams are analyzed with a beam spectrometer having a QQDQQ configuration, and finally
focused on an experimental target. The beam simulation was made using the DecayTURTLE
code [14]. The intensity of 1.8-GeV/c K− beam was estimated to be 1.4 × 106 /spill with
kaons-to-others ratio (K/(π+µ)) of 3.5 in Phase 1 (30 GeV, 270 kW), and 6.6× 106 /spill with
K/(π + µ) = 4 in Phase 2 (50 GeV, 750 kW).

The K1.8BR beam line is branched from K1.8 at a bending magnet downstream of the
first separator ESS1. Since it shares the upstream part of the K1.8 beam line, it cannot be
operated simultaneously with K1.8. However, effective sharing of beam time can be expected
like preparing the next experiment at one area during the beam run at the other area. The
K1.8BR beam line is designed to deliver separated charged kaons with the momentum up to
1.2 GeV/c. The beam envelope of the K1.8BR beam line is presented in figure 5. The length of
the K1.8BR beam line is 31.5 m, which is about 15-m shorter than K1.8 and is great advantage
for low-momentum kaon transportation. The intensity of 1.1-GeV/c K− beam is expected to
be 1.2× 106 /spill with K/(π+ µ) = 0.9 in Phase 1, and 5.5× 106 /spill with K/(π+ µ) = 1 in
Phase 2.

4

Figure 2.7: Layout inside HEF. Quoted from Ref. [58].
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KOTO

Fig. Layout inside Hadron Experimental Facility
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Fig. 3D view of Hadron Experimental Facility
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KOTO neutral beam

Fig. Secondary beam line

Target, collimators and sweeping magnets

15

Dipole 
(sweep) 
magnet

1st Collimator (4m)

Beam Plug

Photon Absorber

1st Collimator
Sweeping Magnet

2nd Collimator

Primary beam line

16°

KOTO Detector
Beam Plug5 m

Be Window

T1 Target

SUS Vacuum Window

K1.1 Ducts

Fig. 1: Schematic top view of the KL beam line used by the KOTO experiment. The primary

proton beam comes in from the left. The KL beam line starts at the T1 target and the beam

axis goes o↵ to an angle of 16� with respect to the primary beam line. The front of the

KOTO detector is located at the end of the beam line, about 21 m from the T1 target.

the MR, extracted by using a slow extraction technique [8], and transported through the

primary beam line to the facility [9]. The proton beam intensity is monitored by a secondary

emission chamber (SEC), located after the extraction point. The primary proton beam, with

a cross-section of approximately 1 mm in radius, is injected into the T1 production target.

The target consists of a 66-mm-long gold target of 6 ⇥ 6 mm2 cross section. It is equally

divided into six parts along its length with five 0.2-mm-thick slits.

The KL beam line is o↵-axis by an angle of 16� with respect to the primary proton beam

line. The full kinematic reconstruction of the neutral pion in the KL ! ⇡

0
⌫⌫̄ decay requires

a small diameter for the KL beam and was achieved with the collimation scheme shown in

Fig. 2. The secondary particles produced at the target pass through a pair of collimators

to shape the beam. At the exit of the second collimator, the neutral beam has a square

cross-section of 8.5 ⇥ 8.5 cm2 corresponding to a solid angle of 7.8 µsr. Before entering the

collimation region, the beam passes through a 7-cm-thick (12.5 X0) lead absorber which

removes most of the photons. A 2-T dipole magnet, located between the two collimators

sweeps out charged particles. Short lived particles decay in the long collimator region leaving

only KL mesons, neutrons, and photons at the entry of the detector region. Table 1 lists

the composition and location of all the components along the KL beam line. The materials

in the beam decrease the KL flux by 60%, as estimated using a Geant4 [10, 11] based MC

simulation. The collimation scheme of the KL beam line is described in Ref. [12].

2.2. KOTO Detector

Figure 3 shows a cross-sectional side view and the coordinate system of the KOTO detector.

The signature of a KL ! ⇡

0
⌫⌫̄ decay is a pair of photons coming from the ⇡

0 decay, without

any other detectable particles. The energy and position of the two photons are measured

4

2nd Collimator (4.5+0.5m)
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Figure 2.2: Zvtx-PT distribution for KL → π0νν decay in MC after applying all veto and kinematic
cuts. The black box indicates the signal region.
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Figure 2.3: Conceptual design of the KL beam.

namely photons, neutrons and KLs, survive in the beam. Since photons do not decay and neutron
decay is negligibly small, hits in detectors outside the beam region are mainly derived from decay
particles from KL.

Well-collimated beam
This requirement is the most critical for background reduction. The beam contains unavoidable
“halo” components, which means a portion of beam particles exists outside the beam core. Neutrons
or KLs in such region can make background through interaction of detector materials or the KL →
2γ decay, for example. The edge of the beam hence needs to be sharply collimated so as to minimize
such particles.

2.1.4 Backgrounds

Since the required “positive” signals are only two photons in the calorimeter, understanding and
reducing background events is crucial. In the KOTO experiment, background is expected to come
from the following two sources.

25

Target to detector distance = 21.5 m

Fig. Layout inside Hadron Hall

(30GeV)

B = 2T

23

Fig. Depiction of neutral beam line production
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CHAPTER 2. KOTO EXPERIMENT

The OEV counters fill the narrow space between the CsI crystals
and the cylindrical support structure. The main role of the OEV
counters is to reject photons passing through the outer-edge
region of the CsI calorimeter before entering the inactive material
of the support structure (see Fig. 1b). In particular, photons from
the K0

L-π0π0 decay with an energy around 600 MeV must be
detected with high efficiency. In fact the kinematics allows one of
the two photons from the π0 to hit the barrel detector (MB in
Fig. 1a) with an energy about 10 MeV. However this low energy
photon may not be detected with a 20% probability due to
sampling fluctuations of MB [5]. To keep a short veto time window
under high rate condition, the time resolution of a few nanose-
conds is required for the OEV counters. In addition, they need to
operate stably in vacuum under the heavy load of the CsI crystals.

In consideration of the requirements mentioned above, we
adopted a technology based on lead–scintillator sandwich calori-
metry with wavelength-shifting (WLS) fiber readout. This type of
detector is efficient for photons with an energy higher than
100 MeV [11,12]. Moreover, it is characterized by a fast response
due to the short decay times of plastic scintillator and WLS fiber.

We describe the design of the OEV counters (Section 2) and the
construction process (Section 3) in detail. The following topics on
the required performance are discussed in Section 4: mechanical
robustness of the counters located under the CsI crystals, dis-
charge characteristic of photomultiplier tubes (PMTs) in vacuum
conditions, light yield, and time resolution. Finally, we discuss an
energy calibration method with cosmic rays as well as its perfor-
mance and validity (Section 5).

2. Design

Fig. 2 illustrates the upstream view of the endcap of the KOTO
detector. The CsI calorimeter, the cylindrical support structure of
the vacuum vessel, and the OEV counters are shown. The CsI
calorimeter consists of two types of undoped CsI crystals: 2240
small (25 mm!25 mm) and 476 large (50 mm !50 mm) crystal
blocks. All crystals are 500 mm long. Hamamatsu PMTs (R5330
and R5364) with Cockcroft-Walton (CW) bases [13] are used as
readout devices. The CsI crystals are installed in the cylindrical
support structure of the vacuum vessel, which is made of 12-mm-

thick stainless steel with an inner diameter of 1.93 m. OEV is a
group of 44 lead–scintillator-sandwich counters. They have differ-
ent cross-sectional shapes in order to fill the space between the CsI
crystals and the cylindrical support structure.

The material spares of the barrel detectors FB and MB, which
were originally built and used in the E391a detector [14], were
utilized for the OEV counters since they shared the same compo-
nents. The first component consists of 5-mm-thick extruded
plastic scintillator sheets developed for the long barrel detectors.
This scintillator is based on MS resin (polystyrene 80%,
polymethyl-methacrylate 20%) [15] and is suitable to be used

Fig. 1. (a) Schematic side view of the detector setup of the J-PARC KOTO experiment. Most of the detectors are contained in the cylindrical vacuum vessel of 3.8 m in
diameter and 8.7 m in length. The K0

L beam passes through the center of the setup from the left. The CsI calorimeter is located downstream of the decay region. FB, NCC, MB,
OEV, CC03, CC04, CC05, CC06, and BHPV are photon veto counters; HINEMOS, BCV, CV, LCV, and BHCV are charged-particle veto counters. A membrane separates the decay
region, which is in vacuum at 10"5 Pa, from the detector region which is kept at about 0.1 Pa. (b) Detail of the outer-edge region of the CsI calorimeter. The main role of the
OEV counters is to detect possible photons coming from the K0

L-π0π0 background as indicated by the blue arrow. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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Fig. 2. Cross-section of the endcap CsI calorimeter (view from beam upstream).
Detector subsystems are contained in the cylindrical support structure of the
vacuum vessel made of stainless steel. The beam pipe is made of carbon-fiber-
reinforced plastic (CFRP). CC03 and LCV are the inner photon-veto and charged-
particle-veto counters, respectively. The inner region of the calorimeter consists of
2240 undoped CsI crystals with a 25 mm!25 mm cross-section, while the outer
region consists of 476 undoped CsI crystals with a 50 mm!50 mm cross-section.
OEV counters, which consist of 44 counters with different cross-sectional shapes,
fill the space between the outer side of the CsI crystals and the vacuum vessel. The
numbers written on each OEV counter (0–43) are the ID numbers.
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Figure 2.10: A front view of the CsI calorimeter for the
KOTO experiment. This figure is quoted from [26].

Figure 2.11: A photograph of the
CsI calorimeter for the KOTO exper-
iment.

The CsI crystals for the CsI calorimeter were originally used at the FermiLab KTeV experi-
ment [27]. There were two types of crystals. The 20% of crystals were made from a single crystal
fabricated by HORIBA company (Fig. 2.12), while 80% of crystals were made by glueing two
25-cm-long single crystals (Fig. 2.13) [28]. As shown in Fig. 2.14, each CsI crystal was wrapped
with a 13-µm-thick mylar. To achieve a uniform light response along the crystal length, the
half of the crystal farther from the PMT was wrapped with aluminized mylar and the other half
was wrapped with black mylar. The length of reflective region and effective reflectivity were
tuned 1 for each crystal to keep the uniformity of scintillation response within 5% [28, 29, 30].

Two types of Photo Multiplier Tubes (PMTs) were used to read the scintillation light from
the two sizes of the CsI crystals. Hamamatsu R5364 3/4 inch PMTs were used for the small
crystals, and Hamamatsu R5330 1.5 inch PMTs are used for the large crystals. Those PMTs
were originally used at the KTeV experiment and re-used in the KOTO experiment. The
combination of PMTs and crystals were tuned so that the variation of the product of the light
yield of CsI crystals and the gain of PMTs, is kept under 3% [31].

A UV transmitting filter (Schott UG-11), with a peak transmission of around 80% at the
wavelength of 300 nm, and a near-zero transmission band in the wavelength range between 400
nm and 650 nm, was attached in front of each PMT to suppress the “slow-component” of the
scintillation of CsI crystals.

A 4.6-cm-thick transparent silicone disk, called “Silicone cookie”, was placed between each
CsI crystal and PMT to connect them optically without glueing. To suppress the heat generated
by the PMT bases, we developed a new High Voltage (HV) system with a Cockcroft-Walton

1The effective reflectivity was tuned by partially masking the aluminized mylar with stripes which are ink
applied with a pen[29]
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Fig. KOTO detector components

Fig. CsI calorimeter

Cesium Iodide (CsI) Photon DetectorCesium Iodide Calorimeter (CsI)

๏Main detector of the KOTO experiment  

‣ 2716 channels (undoped CsI 
crystals X0= 27) read out by PMTs 

Hermetic veto detectors 

‣ ~1000 channels

ν
ν

KL
γγπ0

• Energy resolution (σE/E)  = 0.99 %/ΕGeV1/2 

• Timing resolution (σt/E) = 0.13 /ΕGeV1/2  ns 
• Position resolution (σd/E)    = ~2.5 /ΕGeV1/2 mm 

Fig. CsI  detector
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New barrel photon veto (IB)

๏ Aimed at reducing KL—>2π
0
 background 

๏ Is a sampling calorimeter (25 layers of 5 mm 
scintillators and 24 layers of 1 mm lead plates)  

๏ Gained added another 5 X0 to the MB 13 X0 to 
decrease inefficiency of 4 gamma veto 

๏ MC estimated suppression of KL—>2π
0 
of 1/3 

Inner Barrel

35

Jan. 12 2016Detector upgrade: IB

Mounted 
  2 modules/day 
Continued the work 
during New Year’s 
holidays… 

31 of  32 modules has 
been mounted as of  
last night. 
The last module is 
being mounted today.

Fig. Inner Barrel  

the inefficiency by adding 5 X0 another inside the MB. According to the Monte-Carlo (MC)
estimation, the amount of K0

L → 2π0 will be suppressed to be one third.
The IB detector is a sampling calorimeter as shown in Fig. 2. It consists of 25 layers of 5 mm

thick scintillators and 24 layers of 1 mm lead plates, corresponding to 5 X0. The 32 modules
were made in a trapezoidal shape and formed as a cylindrical detector. The volume is 3 m
long along the beam direction, and inner and outer diameters are 1.5 m and 1.9 m, respectively.
Scintillation light is read out by a photomultiplier (Hamamatsu R329-EGP or R7724-100) at
both ends via Wave Length Shifting (WLS) Fibers (BCF92).

Figure 1. Schematic cross-sectional view of
the KOTO detector. The main background
event, KL → 2π0, is also displayed. The new
detector is shown as blue color.

Figure 2. Top Left) The WLS fibers are
attached in the scintillators. Bottom Left)
One module consists of 25 layers of 5 mm
thick scintillators and 24 layers of 1 mm lead
plates. Right) Formation as cylindrical shape.

3. Module production, construction and insertion to the existing KOTO detector
First, we attached WLS fibers to all 800 scintillators with UV adhesive. After the fibers were
glued, we found some cracks in the scintillators caused by uncured adhesive behind fibers. We
reproduced new scintillators with fibers for those who have large cracks and also annealed to
other scintillators at 80 ◦C for 3 hours to increase chemical resistance based on the result of
damage test.

In 2015, we started to make modules as shown in Fig. 3. To bundle the module, we used 0.75
mm-thick stainless band in 9 points. The accuracy of the module production was determined to
less than 1 mm. The module are supported by 8 rings as shown in Fig. 4. All the production
and construction processes were made in KEK. The detector was delivered to J-PARC, then
installed in April 2016. To insert the IB in the MB, the IB detector was pulled on the teflon
plates attached to the MB and the support rings.

4. Performance check
After installation, the performance of the IB detector was evaluated with the data. Fig. 5 shows
the timing resolution evaluated with cosmic-rays passing through the MB and IB detectors.
We obtained the timing resolutions by comparing relative hit timings between the MB and the
IB. The results were almost consistent with the expected values considering the light yield, the
decay time of WLS fibers and readout modules.

In May-June 2016, the first physics run with the IB detector was performed. To check the
veto response of the IB, the reconstructed KL mass using the event of four photons in the CsI

the inefficiency by adding 5 X0 another inside the MB. According to the Monte-Carlo (MC)
estimation, the amount of K0

L → 2π0 will be suppressed to be one third.
The IB detector is a sampling calorimeter as shown in Fig. 2. It consists of 25 layers of 5 mm

thick scintillators and 24 layers of 1 mm lead plates, corresponding to 5 X0. The 32 modules
were made in a trapezoidal shape and formed as a cylindrical detector. The volume is 3 m
long along the beam direction, and inner and outer diameters are 1.5 m and 1.9 m, respectively.
Scintillation light is read out by a photomultiplier (Hamamatsu R329-EGP or R7724-100) at
both ends via Wave Length Shifting (WLS) Fibers (BCF92).

Figure 1. Schematic cross-sectional view of
the KOTO detector. The main background
event, KL → 2π0, is also displayed. The new
detector is shown as blue color.

Figure 2. Top Left) The WLS fibers are
attached in the scintillators. Bottom Left)
One module consists of 25 layers of 5 mm
thick scintillators and 24 layers of 1 mm lead
plates. Right) Formation as cylindrical shape.

3. Module production, construction and insertion to the existing KOTO detector
First, we attached WLS fibers to all 800 scintillators with UV adhesive. After the fibers were
glued, we found some cracks in the scintillators caused by uncured adhesive behind fibers. We
reproduced new scintillators with fibers for those who have large cracks and also annealed to
other scintillators at 80 ◦C for 3 hours to increase chemical resistance based on the result of
damage test.

In 2015, we started to make modules as shown in Fig. 3. To bundle the module, we used 0.75
mm-thick stainless band in 9 points. The accuracy of the module production was determined to
less than 1 mm. The module are supported by 8 rings as shown in Fig. 4. All the production
and construction processes were made in KEK. The detector was delivered to J-PARC, then
installed in April 2016. To insert the IB in the MB, the IB detector was pulled on the teflon
plates attached to the MB and the support rings.

4. Performance check
After installation, the performance of the IB detector was evaluated with the data. Fig. 5 shows
the timing resolution evaluated with cosmic-rays passing through the MB and IB detectors.
We obtained the timing resolutions by comparing relative hit timings between the MB and the
IB. The results were almost consistent with the expected values considering the light yield, the
decay time of WLS fibers and readout modules.

In May-June 2016, the first physics run with the IB detector was performed. To check the
veto response of the IB, the reconstructed KL mass using the event of four photons in the CsI

calorimeter requiring no energy deposit in the MB and the IB was checked. As shown in Fig. 6,
we can observe the 498 MeV/c2 peak of KL → 2π0 and background contribution mainly from
KL → 3π0. Background contribution of KL → 3π0 estimated by MC is also plotted and it well
reproduces the data.

Figure 3. Module construction. Figure 4. IB support rings.

Figure 5. Timing resolution as function
of module IDs evaluated with cosmic-rays
for several IB (blue) modules. The timing
resolutions of the MB inner (red) and outer
(green) parts are also plotted.

Figure 6. Reconstructed KL mass using 4
photons in the CsI detector. Selection of no
hits in the IB and MB detectors were applied.
Black points show 2016 run data, and blue
points show KL → 3π0 MC.

5. Summary
We installed a new photon-veto detector to the KOTO experiment in April 2016. The IB detector
is expected to suppress the main background from K0

L → 2π0 to be one third. The performances
evaluated with the cosmic-ray and the neutral beam data are consistent with expectations and
more study is on going.
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Next steps

New photo sensor upstream
● Both-end readout of CsI crystal → new project

– Longitudinal position with timing difference

● New 6mm□  MPPC with Silicone window

– Low mass, UV sensitive → ~20% photo detection for 310nm
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Study on going
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